Signal transducer and activator of transcription 6 (STAT6) is critical for IL-4 and IL-13 responses, and necessary for the normal development of Th2 cells. We previously generated mice that express a constitutively active STAT6 (STAT6VT) under control of the CD2 locus control region, which directs expression to the T-cell compartment. We now describe that a small proportion of these mice (ϳ5%) develop a spontaneous lymphoproliferative disease ( 
Introduction
Signal transducer and activator of transcription 6 (STAT6) is critical for the response to the Th2 cytokines IL-4 and IL-13. 1 The use of STAT6-deficient mice has demonstrated the importance of this factor in Th2 immune responses in vivo. [2] [3] [4] STAT6 is found to be constitutively active in a number of tumors, though how it contributes to a transformed phenotype is unclear. 5 We have recently generated mice that express a constitutively active STAT6 in T cells. 6 The mutant STAT6, termed STAT6VT, was identified through scanning alanine mutagenesis and does not require cytokine signaling or Janus kinase activation to become phosphorylated and active. 7 Mice expressing STAT6VT in T cells have decreased T-cell and increased B-cell numbers in the spleen and enhanced Th2 activity in vivo. 6 In this report, we show that mice expressing active STAT6 in vivo are predisposed toward developing a lymphoproliferative disorder (LPD).
Materials and methods
The generation of Stat6VT transgenic mice has been previously described. 6 All experiments were approved by the Indiana University institutional animal care and use committee (IACUC) and animals were maintained under specific pathogen-free conditions. Flow cytometry was performed using reagents from BD Pharmingen (San Diego, CA). All other experiments were performed using standard procedures. 6 Data are presented as representative of at least 3 experiments.
Results and discussion
We have previously shown that expression of a constitutively active STAT6 in T cells alters lymphocyte homeostasis. 6 Approximately 5% of mice (21/419) expressing STAT6VT develop a lymphoproliferative disorder (LPD) characterized by splenomegaly and in some cases, lymphadenopathy ( Figure 1A ,B), whereas LPD was never observed in nontransgenic littermates. In mice with LPD, spleen size, by mass, can increase 40-fold and leukocyte cell number can increase an average of 5-fold. LPD was observed in 3 separate STAT6VT transgenic founder lines, indicating that this is not an effect of transgene integration.
The phenotype of cells in LPD can be divided into 2 classifications. In class A LPD, cells are predominantly T cells (CD3 ϩ , ␣␤ TCR ϩ ) but are largely CD4-and CD8-negative ( Figure 1C ). In class B LPD, the splenocytes still have a mixed phenotype with a predominance of B220 ϩ cells and an expansion of non-B, non-T cells. There is no difference between the 2 classes in the numbers of mice affected, the onset of disease or in the overall size of the spleen ( Figure 1C ). Moreover, development of both classes of LPD was dependent on the presence of endogenous IL-4 since we observed no occurrence of LPD in Il4 Ϫ/Ϫ STAT6VT transgenic mice (0/177, P Ͻ .001 using Fisher exact test), despite constitutive activation of STAT6VT in the absence of endogenous IL-4.
We further examined the phenotypes of T cells in class A LPD. Using flow cytometry we analyzed the clonality of T cells using antibodies specific for TCR V␤ regions. While several V␤ specificities were observed and PCR of TCR rearrangements indicated multiple clones, there was an expansion of cells expressing one V␤ segment in these mice, though the particular V␤ expansion varied among the affected mice (Figure 2A ). Isolated spleen cells demonstrated an increased percentage of cells in the S or G2/M phases of cell cycle ( Figure 2B ) and had an ability to spontaneously proliferate in culture ( Figure 2C ).
The reason for the low penetrance of this phenotype is unclear. It is likely that the activated STAT6 provides a "first-hit" in the development of LPD. Additional environmental stimuli might then provide further signals to promote cell expansion, as immunization increases lymphoma frequency in STAT5 transgenic mice. 8 The requirement for IL-4 in the development of LPD in the STAT6VT transgenic mice further supports a requirement for immune stimulation in the development of LPD and suggests an involvement of STAT6-independent signaling in the development of class A LPD. The requirement for IL-4 in the development of class B LPD is a trans effect because non-T cells have limited expression of STAT6VT in these transgenic mice (data not shown).
The class A phenotype is reminiscent of the T-cell phenotype in autoimmune lymphoproliferative syndrome (ALPS), which can arise from mutations in FAS, FASL, CASP8, CASP10 and NRAS, is characterized by decreased apoptosis in the affected cell populations and a predisposition toward the development of lymphoma. 9,10 While we have not observed consistently altered expression of Fas or FasL on STAT6VT-expressing T cells (data not shown), there are lower levels of spontaneous apoptosis in STAT6VT LPD cells than in normal STAT6VT T cells ( Figure 2D ). In addition, some ALPS patients have altered Th2 cytokine production that correlates with pathogenesis. 11, 12 It is intriguing to speculate that, given our result with IL-4-deficient transgenic mice, Th2 cells are a contributing factor to disease in some patients rather than a result of altered immune homeostasis.
It is now clear that STAT proteins contribute to cellular transformation. Particular attention has been paid to STAT3 and STAT5, as they are observed to have increased expression and activation in a wide variety of tumors. 13 Active STAT6 is observed in a high percentage of Hodgkin lymphoma samples, as well as other T-and B-cell lymphomas and prostate cancer. 5 The critical issue is whether STAT6 can contribute to the transformation process. In this report, we have shown that constitutively active STAT6 can predispose toward a lymphoproliferative disorder when expressed as a transgene. Identification of additional factors that cooperate with STAT6 in the generation of LPD should provide some insight into the development of lymphoproliferative disorders and lymphoma. 
